Abstract : The most common types of weirs are the broad-crested weir, the sharp-crested weir, the circularcrested weir and nowadays the ogee crest weir. Advantages of the cylindrical weir shape include the stable overflow pattern, the ease to pass floating debris, the simplicity of design compared to ogee crest design and the associated lower costs. In this study, the authors describe new experiments of circular weir overflows, with eight cylinder sizes, for several weir heights and for five types of inflow conditions : partiallydeveloped inflow, fully-developed inflow, upstream ramp, upstream undular hydraulic jump and upstream (breaking) hydraulic jump. Within the range of the experiments, the cylinder size, the weir height D/R and the presence of an upstream ramp had no effect on the discharge coefficient, flow depth at crest and energy dissipation. But the inflow conditions had substantial effects on the discharge characteristics and flow properties at the crest. Practically the results indicate that discharge measurements with circular weirs are significantly affected by the upstream flow conditions.
INTRODUCTION
Waters flowing over weirs and spillways are characterised by a rapidly-varied flow region near the crest. The most common types of weir crest are the broad-crested weir, the sharp-crested weir, the circular-crested weir and nowadays the ogee crest weir. Advantages of the circular weir shape ( fig. 1 and 2 ) are the stable overflow pattern compared to sharp-crested weirs, the ease to pass floating debris, the simplicity of design compared to ogee crest design and the associated lower cost. Circular-crested weirs have larger discharge 1930).
Major studies of circular weirs include REHBOCK (1929) , FAWER (1937) and SARGINSON (1972) . These investigations showed that the discharge coefficient C D was close to and usually larger than unity, and C D was primarily a function of the ratio of upstream head to crest radius HW/R, C D increasing with increasing values of HW/R, where HW is the total head above crest and R is the crest curvature radius.
Two studies (ESCANDE and SANANES 1959, ROUVE and INDLEKOFER 1974) investigated particularly the effects of nappe suction and nappe ventilation on the discharge characteristics. Both investigations showed that nappe suction prevented flow separation and lead to larger discharge coefficients by up to 15 to 20% (ESCANDE and SANANES 1959) . A recent Ph.D. thesis (VO 1992) provided new information on the velocity field at and downstream of the crest. The results suggested that the flow field may be predicted by ideal-fluid flow theory.
EXPERIMENTAL APPARATUS AND METHOD
The overflow characteristics of cylindrical weirs were investigated in laboratory for several configurations :
i.e., eight cylinder sizes (0.029 < R < 0.117 m), several weir heights (2 < D/R < 9), and several types of inflow conditions : fully-developed, partially-developed, upstream ramp, upstream hydraulic jump, upstream undular hydraulic jump (tables 1 and 2).
Four channels of rectangular cross-sections were used ( fig. 2 ). Each flume is supplied with recirculating water supplied by a constant head tank. All cylindrical weirs were smooth (PVC or winding-varnish surface) and the downstream face of the cylinders was not ventilated in all the experiments.
The water discharge was measured either by a volume-to-time method using a calibrated 300-L tank (channels QI and QII) or by a 90-degree V-notch weir (channels T1 and QIII). The percentage of error is expected to be less than 5%. The flow depths were measured using point gauges. The error on the flow depth was 0.2-mm in channel T1 and less than 0.1-mm in channels QI, QII and QIII equipped with a Mitutoyo TM digimatic caliper . The error on the longitudinal position was ∆x < 1 mm. In addition photographs were taken during the experiments and used to visualise the flow patterns.
Full details of the experimental apparatus and of the data were reported in CHANSON and MONTES (1997) .
Experimental procedures
Experiments series T1A and T1B investigated the discharge characteristics of cylindrical weirs in a horizontal channel with various support heights and the inflow conditions were partially-developed and fully-developed. Experiments T1C studied particularly the effects of a 30-degree upstream ramp.
Experiments series QI described the overflow of a cylindrical weir located on a broad-crested weir.
Experiments series QIIA were performed in a long tilting flume with fully-developed upstream flow and with a mild slope. Experiments series QIIB were performed in the same channel QII with steep slopes and an undular hydraulic jump took place upstream of the weir. Experiments series QIIIA studied the characteristics of the largest cylinder with partially-developed inflow. In the same flume, experiments series QIIIB investigated the effects of (breaking) hydraulic jumps upstream of a cylindrical weir.
Altogether the authors performed over 385 new experiments (CHANSON and MONTES 1997) .
Results
At a cylindrical weir (e.g. fig. 1 ), the overflowing waters are subjected to a rapid change in streamline direction upstream of the weir, nappe adherence on the downstream face of the cylindrical weir, and nappe separation near the downstream bottom of the weir. Dye injection showed that the change of streamline direction occurs shortly upstream of the weir : i.e., at a distance of about one to two weir heights. The flow redistribution is sometimes associated with the development of helicoidal vortices with horizontal axis along the upstream base of the weir and by sidewall vortices of irregular shapes along the upstream face of the weir (near the sidewall).
As the waters pass over the dam crest, the nappe free-surface remains smooth and clear, and the falling nappe adheres to the weir face. The nappe adherence process is a form of Coanda effect. The Coanda effect was named after Henri COANDA, Romanian scientist, who patented first the Coanda effect (COANDA 1932) . It results from the modification of the pressure field within the nappe, caused by the convex invert curvature, inducing a suction pressure on the wall. Further some fluid entrainment into the nappe is caused by turbulent mixing and the induced flow (directed towards the nappe) leads to a force on the body normal to the flow direction, this process being called Chilowsky effect. On the lower downstream quadrant of the cylinder, the nappe continues to adhere to the cylinder wall despite the gravity effect opposing the Coanda force ( fig. 1 ).
Near the weir bottom, nappe separation takes place. Usually the nappe separation occurs at the weir bottom because of the presence of the channel bed or weir support.
At large ratio of head on crest to radius, nappe separation was observed on the downstream face of supported weirs (i.e. D > 2*R). Such a separation occurred in absence of nappe ventilation. SARGINSON (1972) and VO (1992) observed a similar behaviour with ventilated nappes.
DISCHARGE COEFFICIENT Presentation
In open channels, maximum flow rate is achieved at critical flow conditions (BELANGER 1828) and the maximum discharge per unit width at a weir crest equals:
for ideal fluid flow (1) where g is the gravity acceleration and HW is the upstream total head above the weir crest. Equation (1) derives from the Bernoulli equation assuming hydrostatic pressure distribution at the crest and an uniform velocity distribution for a rectangular channel. In practice the observed discharge differs from equation (1) because the pressure distribution on the crest is not hydrostatic and the velocity distribution is not uniform (e.g. VO 1992) . Usually the flow rate is expressed as :
where C D is the discharge coefficient. It equals unity for an ideal broad-crested weir.
Experimental results : general trends
New experimental observations are reported in figures 3 to 5. The discharge coefficient data are plotted as functions of the ratio HW/R where R is the curvature radius of the crest.
The data show consistently an increase of the discharge coefficient with increasing dimensionless head above crest ( fig. 3 and 4) . The data show also that the discharge coefficient is mostly larger than unity : i.e., for a given upstream head, the discharge on a circular weir is larger than that on a broad-crested weir.
For the range of the experiments (table 1) , the data analysis (CHANSON and MONTES 1997) indicate that the discharge coefficient is independent of the cylinder size (i.e. radius of curvature R), of the dimensionless weir height D/R and the presence of an upstream ramp has no effect on the discharge coefficient. 
Partially-developed inflow (5) where δ is the boundary layer thickness, k is a constant of proportionality, 1/N is the velocity distribution The data are compared with equations (3) and (4), and show a broader scatter than for the experiments without ramp ( fig. 2 ). Overall the experimental results suggest that the upstream ramp has no or little effect on the discharge capacity of circular weirs. Previous studies (e.g. MATTHEW 1963, VO 1992) reported a similar conclusion. Although an upstream ramp does not improve the discharge coefficient, the ramp can facilitate the passage of large debris (e.g. ice, trees) and it must be recommended in natural streams where floating debris are common.
Effect of upstream hydraulic jumps
The effects of an upstream hydraulic jump were investigated in two channels (QII and QIII). One series of experiments was performed with a breaking hydraulic jump upstream of the weirs (series QIIIB). Another series was performed with an upstream undular hydraulic jump (series QIIB).
On figure 5, the discharge coefficient data (for one cylinder size) are plotted as a function the dimensionless distance between an upstream hydraulic jump and the weir where X = x dam -x jump , and x dam and x jump are defined on figure 2. In figure 5 , The presence of a breaking hydraulic jump disturbs substantially the inflow, and such flow disturbances might explain the observed smaller discharge coefficients (than in absence of upstream hydraulic jump) (fig.
5(B)
). When the normal hydraulic jump was located close to the weir (i.e. X/D < 10), the cylinder became engulfed into the jump roller and the flow over the cylinder became highly disturbed, although it still imposed a downstream control. Overall these discharge coefficient data were not meaningful.
In summary, for a given ratio head on crest to curvature radius, the largest discharge coefficient is observed for inflow conditions with an upstream undular hydraulic jump and the smallest C D is obtained for inflow conditions with an upstream (breaking) hydraulic jump.
Remarks
Although there is little information on the inflow conditions of past investigations (table 3) with a normalised correlation coefficient of 0.844 for a series of 110 data.
During the present study, the cylinder size R had no effect on dimensionless flow depth at crest d crest /d c .
The type of inflow conditions (fully-or partially-developed) did not affect d crest /d c , and the presence of an upstream undular jump had little effect on the ratio d crest /d c . In presence of an upstream (breaking) hydraulic jump, the flow depth at crest tends to be greater than without hydraulic jump, for a given upstream head above crest and discharge ( fig. 6(B) ). A careful analysis of the data showed no consistent trend between the breaking jump location and the flow depth at crest. Altogether it is worth noting the similar trend between the authors' work and the re-analysis of VO's (1992) experiments. Although VO's (1992) 
Energy dissipation
The head loss at circular cylindrical weirs may be compared with the energy loss at a drop structure of same height ( fig. 7) . Several researchers investigated experimentally the flow properties at drop structures. One author (CHANSON 1995, pp. 230-236 ) presented a detailed bibliographic review. Based on the experimental results of RAND (1955) (valid for 0.045 < d c /D < 1), he showed that the dimensionless head loss at a drop structure can be estimated as :
where ∆H = H 1 -H 2 , H 1 is the upstream total head ( fig. 7(A) ), D is the drop height and d c is the critical flow depth. Equation (8) is compared with the experimental data in figure 7 (B).
The data show a decrease in energy dissipation with increasing head on crest. At very low overflows (HW/D small), the head loss is nearly equal to the weir height D. For large overflows, the rate of energy dissipation becomes much smaller. Comparison between the data and equation (8) indicates basically that the dimensionless head loss is larger for a circular cylindrical weir than for a drop structure of same height and for a given head on crest.
Note the scatter of the data. The calculations of the downstream total head were not very accurate as the error on the flow depth measurement could be as large as 30%.
CONCLUSION
The authors investigated the overflow characteristics of circular weirs in laboratory for a wide range of parameters : the cylinder radius (8 sizes), the weir height (2 < D/R < 9), the upstream flow conditions (upstream ramp, partially-and fully-developed inflow, upstream hydraulic jumps). No other experiments with extreme conditions of normal and undular jumps are available in the literature.
Experimental observations indicate that the overflow is characterised by nappe adherence on the downstream cylinder face and the overflow properties are significantly affected by the upstream flow conditions.
For the range of the experiments (table 1), the authors observed that the cylinder size (i.e. radius of curvature R) has no effect on the discharge coefficient, dimensionless flow depth at crest and dimensionless rate of energy dissipation. The dimensionless weir height D/R has no effect on the discharge coefficient. The presence of an upstream ramp has no effect on the discharge coefficient. The upstream flow conditions are extremely important and the type of inflow conditions affects substantially the overflow characteristics. For a given ratio head on crest to curvature radius, the largest discharge coefficient is observed for inflow conditions with an upstream undular hydraulic jump and the smallest C D is obtained for inflow conditions with an upstream (normal) hydraulic jump; discharge coefficients for partially-and fully-developed inflows are in between the extremes.
The flow depth at the weir crest is usually lower than the critical depth (in rectangular channels) but for very low discharges (i.e. HW/R < 0.4). At large overflows (HW/R > 0.8), d crest /d c is typically about 0.85.
The energy dissipation at a circular weir is substantial and it is larger than at a drop structure for given inflow conditions.
Altogether the study suggests that discharge measurements with circular weirs are significantly affected by upstream flow conditions and to a small, even negligible, degree by the upstream geometry of the weir.
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APPENDIX I. EFFECT OF UPSTREAM FLOW CONDITIONS ON THE DISCHARGE COEFFICIENT
Considering the overflow above a weir crest, let us apply the Bernoulli equation along the free-surface streamline between the upstream flow location and the crest :
where d 1 is the upstream flow depth, D is the weir height, V max is the upstream free-surface velocity, g is the gravity constant, d crest is the flow depth on the crest and V s is the free-surface velocity on the crest.. Equation (9) makes no assumption on the pressure distribution at the weir crest. Further, for a developing flow, the free-surface velocity is the free-stream velocity of the developing boundary layer
Assuming that the velocity distribution in the bottom boundary layer follows a power law :
where δ is the boundary layer thickness, the free-surface velocity can be derived from the continuity equation. Let us assume that the free-surface velocity at the weir crest equals :
where k is a constant of proportionality.
Combining the continuity and Bernoulli equations and using the above assumptions (eq. (10) and (11)), the discharge per unit width can be expressed as :
Assuming that the discharge per unit width can be approximated as :
where C D is the discharge coefficient and H 1 is the upstream total head, the discharge coefficient can be expressed as :
Equation (14) function of the ratio head on crest to curvature radius but they suggest also that it is nearly independent of the upstream flow conditions. Note that the above results are general and they may apply to most weir shapes. Vol. 16, 2nd Sem., pp. 393-448; 1890 : Sér. 6, Vol. 19, 1st Sem., pp. 9-82; 1891 : Sér. 7, Vol. 2, 2nd Sem., pp. 445-520; 1894 : Sér. 7, Vol. 7, 1st Sem., pp. 249-357; 1896 : Sér. 7, Vol. 12, 2nd Sem., pp. 645-731; 1898 : Sér. 7, Vol. 15, 2nd Sem., pp. 151-264 (in French) .
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APPENDIX III. NOTATION.
The following symbols are used in this paper : Horizontal channel (W = 0.301m).
x dam = 8 m.
Series T1A Notes:
Cylinder characteristics are described in table 2. Cylinder built in concrete with a hollow core. 
Note : ( + ) : curvature radius at crest
Model data as given in SARGINSON (1972) .
FAWER ( Note : HW : head above weir crest; R : crest radius of curvature. 
